The metallic phase in doped cuprate perovskites is determined by both the hole doping δ and the micro-strain ε of the planar Cu-O bond length. The micro-strain ε in the CuO2 plane has been measured by Cu K-edge EXAFS and x-ray diffraction using synchrotron radiation. The critical micro-strain εc for the onset of local lattice distortions (LLD) and stripe formation has been determined. The strain quantum critical point (QCP) is found at (εc,δc). The superconducting critical temperature is measured as a function of two variables Tc(ε,δ) and it reaches its maximum at the strain QCP. The superconducting phase occurs in the region of critical fluctuations around this QCP. The critical fluctuations near the strain QCP drives the self-organization of the metallic plane forming a particular superlattice of quantum stripes called "superstripes" that favors the amplification of the superconducting critical temperature.
Introduction
Understanding the emerging dynamical order in complex systems is a major topic of the new physics. In complex systems, such as biological systems, each particle interacts with all other particles and form a biological order at high temperature (T~300K). For these systems the standard physical approximation, valid for simple systems in a weak coupling limit, that "each particle keeps its individuality" breaks down.
The physics of XX century has discovered two fantastic ordered phases of a many body system, "superconductivity" and "superfluidity", where the single particle loses its individuality and all particles form a dynamical ordered phase, a "condensate", that is described by a single quantum wave-function. The superconducting "condensate" has been so far understood only for simple systems, by the BCS theory, i.e., as an instability of a nearly free electron gas in the presence of a very weak particle-particle attraction. The BCS "condesate" is confined near zero temperature (T c <20K) since a very low temperature is enough to overcome the weak attractive interaction and to destroy the superconducting order.
The quasi 2D metallic phase in the CuO 2 planes of doped cuprate perovskites is a complex system where it is possible to study a unique superconducting "condensate" that is robust enough to resist to temperatures up to T c~1 50K, showing that it is well beyond the weak coupling approximation for simple systems. In this work we show that this complex system teaches us the fundamental physical properties needed for the formation of a dynamical ordered phase at high temperature:
I) The particles fluctuate between two major set of states (or conformations) A and B, having similar energy forming a multi-valley energy landscape 1 ; II) Modulations of the states A and B in space and time appear in the presence of a long-range elastic, Coulomb, or magnetic field. Striped phases made of 1D modulations of stripes show up in a 2D system; III) There is a critical point for the onset of the striped phases;
IV) The robust dynamical order shows up in the region of critical fluctuations. In these last years fast and local experimental probes, probing local conformations of the Cu sites, have shown that:
1) The doped charges in the CuO 2 plane are unstable between two states: polaronic strings (state A) and free particles (state B) 2 forming a mixture of fermions and bosons spatially separated into stripes 3 .
2) The doped charges form a particular self-organized striped pattern: a metallic superlattice of quantum wires called "superstripes" on a scale length of the de Broglie wave-length of the electrons at the Fermi level 3, 4 . The "superstripes" are defined as a superlattice of wires where the charge density is tuned to drive the chemical potential near a narrow peak of the density of states, made by the striped pattern, in such a way that the hopping of the pairs between the stripes is larger than that for single electrons 4 .
3) The "superstripes" show up in domains (or 2D bubbles) of about 200 Å size and on a time scale as short as 10 -12 sec in the CuO 2 plane. This size (time) is about a factor 10 larger (longer) than the pair size (paring time). Self similar striped patterns appear at different space and time scale. Different compounds show very slow or very fast stripe fluctuations, and their detection depends on the experimental measuring time.
Here we show that an elastic field, due to the lattice mismatch of bcc CuO 2 layer with neighbor rocksalt fcc layers, induces a micro-strain ε 5-8 in the CuO 2 plane that controls the stripe formation and their dynamics. The "superstripes" appear for a micro-strain ε larger than a critical value ε c . The high-T c superconductivity shows up around this quantum critical point (QCP) in a region of micro-strain ε-ε c /ε c <0.5. Quantum fluctuations near this quantum critical point drive the electron gas towards a regime of strong interactions well beyond the Fermi liquid approximation of weakly interacting particles valid for simple metallic systems and where each particle interacts with all other particles of the system. This explains the non-Fermi-liquid behavior of the temperature dependent transport properties 9, 10 . The variations of the critical temperature as a function of charge density, doping δ, and strength of the elastic field, the microstrain ε, are driven by a pairing mechanism with a singular interaction [11] [12] [13] [14] [15] that depends on the distance from the strain quantum critical point, and T c is amplified by the particular self organized phase: "superstripes" 4 . The heterogeneous phase with fluctuating mesoscopic striped domains appears for 0<(ε-ε c )/ε c <0.62 while static and long range charge order appears for commensurate doping at higher strain (ε-ε c )/ε c >0.62. The La214 and Bi2212 crystals were grown by the travelling solvent floating zone method. The Hg-based crystals were grown by high pressure synthesis technique. The crystals have been characterized by x-ray diffraction and the critical temperature was measured by surface resistivity using a single coil in the radiofrequency range. The temperature dependent polarized Cu K-edge absorption measurements were performed on the beam-line BL13B of Photon Factory at High Energy Accelerator Research Organization in Tsukuba and on the BM29 and BM32 of European Synchrotron Radiation Facility (ESRF), Grenoble. At the beam-line BL13B of the Photon Factory, and the BM32 of the ESRF, the crystals were mounted in closed cycle refrigerator and temperature was controlled within an accuracy of ±1K. The beamline BM29 of ESRF was equipped with a two stage closed cycle refrigerator and the samples were mounted in it with temperature control within an accuracy of ±1K. In all cases, the temperature was measured using diode sensors attached on a flat plate sample holder. The measurements were performed in the fluorescence yield (FY) mode using multi-element Ge x-ray detectors array. The emphasis was given to measure the spectra with a high signal to noise ratio and up to a high momentum transfer and purposefully we measured several scans to accumulate the total fluorescence counts to be ~3 million to limit the relative errors to be less than 0.1% above the absorption threshold. Standard procedure was used to extract the EXAFS signal from the absorption spectrum and corrected for the x-ray fluorescence self-absorption before the analysis.
Experimental details

Results
The EXAFS method allows us to focus on the local distortions in the CuO 2 plane and hence the first oxygen coordination shell (i.e. in-plane Cu-O bond distances). In the E//ab Cu K-edge EXAFS the signal due to the in-plane Cu-O bond distances is well separated from the longer bond contributions and can be easily extracted and analyzed separately. The extracted EXAFS signals for the in-plane Cu-O bond distances represent only single back-scattering of the photoelectron emitted at the Cu site by its nearest neighbor in-plane oxygen atoms and probe the correlation function of the Cu and oxygen pairs. We have used the standard procedure to draw the pair distribution function (PDF) of local Cu-O bond-lengths from analysis of the EXAFS oscillations only due to the Cu-O distances. The feasibility of this method has been shown earlier in the case of cuprates and manganites [16] [17] . Figure 1 shows the Cu-O pair distribution function (PDF) in oxygen doped La214, Bi2212, Hg1201 and Hg1212 systems, at fixed hole doping δ=0.16, determined by the EXAFS spectra measured at low temperature T<0.5T c . The PDF represents the distribution of instantaneous Cu-O bonds. The mean Cu-O bond-length <r CuO The PDF in Fig. 1 shows, above a critical micro-strain ε c =0.045, the onset of local lattice distortions identified by the presence of two peaks in the PDF. The joint measurements of x-ray diffuse scattering show the short range striped domains formation above the critical strain ε c 19,2 . In fact the diffuse peaks due to short range charge ordering appear for ε>ε c . The stripe formation is responsible in Bi2212 for the suppression of the spectral weight at the M point on the Fermi surface 18 . These results show that the micro-strain ε drives the system to a quantum critical point for the formation of "superstripes" for ε>ε c . Above 200K we observe a Gaussian distribution with a peak at the mean Cu-O distance. We have determined the critical temperature for the stripe formation T sf in LCO and Bi2212 (where ε>ε c ) to be T sf = 190K and 120K respectively [19] [20] [21] [22] by EXAFS and diffraction. The T sf temperature was found to be zero for Hg based compounds. In Fig. 2 the stripe formation temperature as a function of the reduced micro-
plotted for δ=0. 16 . Figure 3 shows the stripes formation temperature for δ=0.125. At this doping there is a second critical strain for the formation of an insulating crystal of polaronic strings 2 at the micro-strain ε 0 =0.073 (or at the reduced microstrain ε 0 '=0.62). These insulating striped phases appear in the oxygen doped La 2 CuO 4 2 and in Nd doped La214 system, where Nd substitution increases the mismatch by decreasing the average radius of the ions in the AO layers. The stripe formation temperature T sf (ε') has been fitted by the formula T sf '
T o =260K, α=0.5 and ε c =0.045.
The superconducting critical temperature T c,δ=const (ε'), at fixed doping as a function of the reduced micro-strain ε' has the shape of a asymmetric Lorentzian centered at the critical micro-strain. Micro strain ε' =(ε -ε c )/ε c Therefore we have fitted the experimental curves T c (ε'), at different constant doping, with an asymmetric Lorentzian with a width Γ and a maximum temperature T max given by
The result of fitting the curves T c vs ε' in Fig. 2 and Fig. 3 at doping δ=0.16 and δ=0.125 respectively, gives T max =150K and Γ=0.5. The asymmetry of the curve T c0.125 (ε) is much larger than the curve T c0.16 (ε), and T c0.125 (ε) drops rapidly to zero at ε 0 '=0.62. The asymmetry factors that determine the shape of the resonance at large distances form the strain QCP are a=-15, b= 0.031 for δ=0.16; and a=-27, b=0.15 for δ=0.125. In Fig. 4 we report the data collected in many samples in these last 10 years. In this figure, the critical temperature T c (ε,δ), versus the micro-strain and doping, is plotted where each sample is represented by one point. The critical temperature T c (δ,ε) is plotted in a gray scale plot (the critical temperature increases from black, T c =0K, to white at the maximum value T c~1 35K) as a function of the micro-strain ε and doping δ for all cuprate perovskites. The metallic phase in the CuO 2 plane is determined by both ε and δ, therefore for each family of cuprate perovskites it is necessary to measure the curve ε(δ). Fig. 5 shows the curves ε(δ) for the major families that are relevant to determine the location of each high T c superconductor in the phase diagram for all doped cuprate superconductors. From these data we have obtained a phase diagram that solves the long-standing puzzle of the phase diagram of the normal phase of the cuprates. There was a hidden physical parameter, the micro-strain, that triggers the electron-lattice interaction at a critical value for the onset of charges trapped into a striped phase with dynamical and spatial ordering of pseudo-Jahn-Teller local lattice distortions (JT-LLD). The doping of the strained antiferromagnetic lattice forms both free carriers and charges trapped into the JT-LLD if the strain is larger than the critical strain ε c .
For ε>ε c , the systems show a quasi first order phase transition as a function of doping as it was discussed for the case of oxygen doped Bi2212 and La214 22, 23 . The anomalous normal phase of cuprate superconductors is determined by an inhomogeneous phase, with co-existing polaronic stripes and itinerant carriers, that appears for an electron lattice interaction larger than a critical value. Fluctuations of lattice-charge stripes appear in this critical regime. The micro-strain drives the electron lattice interaction to the strain QCP of a quantum phase transition. Near this QCP the stripes get self-organized in a superlattice of quantum wires, where charges trapped into JT-LLD co-exist with free carriers. This superlattice forms an array of "superstripes" where the chemical potential is tuned to a "shape resonance". The plot T c (δ,ε) reaches the highest temperature, shown in Fig. 4 , at the quantum critical point (δ c ,ε c ), shown in Fig. 5 .
The micro-strain in the Hubbard-Holstein Hamiltonian
The complex band structure of the CuO 2 plane of cuprate perovskites is determined by its deformation that increases with the elastic strain field. The strain ε induces several local lattice deformations such as the dimpling of Cu ions relative to the oxygen ions, (also called buckling of the plane), the tilting of the CuO 4 square planes and their rhombic distortions. The strain changes the states near the Fermi level that can be described by an effective tight binding model with nearest-neighbor hopping integral t(ε) and next-to-nearest-neighbor hopping integral t'(ε) 21 . The large on site Coulomb repulsion U gives a correlated electron gas described by the Hubbard term. Moreover, the strain field tunes the relevant electron lattice interaction g(ε) of the type of cooperative pseudo Jahn-Teller coupling of charges with Q 2 -type local modes [22] [23] [24] . Therefore we introduce, for the first time, the micro-strain ε in the Holstein-Hubbard Hamiltonian for doped cuprate perovskites:
The first two terms describe the itinerant charges in a 2D square lattice simulating the CuO 2 plane where n iσ =c iσ + c iσ is the local electron density, c iσ + denotes the electron creator operator at site i. Both t(ε) and t'(ε) depend on the Cu-O bond and the lattice geometry and therefore on actual micro-strain. The third term is the Hubbard Hamiltonian describing the electronic correlation in the CuO 2 plane. The Hubbard term induces a renormalization of the electron effective mass that for realistic values of the parameters give m*/m 0~2 near the Fermi surface in the (π,π) direction in agreement with experiments 18 . The finite value of t'(ε) shift the peak of the density of states due to the van Hove singularity (VHS) at half filling to finite doping. In the case of Bi2212 it is shifted at δ=0.25 since t(ε=0.055)~200 meV and t'(ε=0.055)~50 meV as determined by angle resolved photoemission 18 . We have plotted t(ε) and t'(ε) in Fig. 6 as a function of the micro-strain, obtained from angle resolved photoemission in different materials, and the value of the Cu-O stretching frequency ω o (ε) measured by inelastic neutron scattering that are in qualitative agreement with calculation of Raimondi et al. 21 , reducing the electronic five bands structure to an effective single band. The electron-phonon (e-ph) coupling of the charges with local lattice distortions (LLD) of the CuO 4 unit can be described by the Holstein Hamiltonian (H ph +H I ). The position of the lattice site is indicated by R i and a q + represents the creation operator for phonon with wave-vector q, ω 0 is the frequency of the optical local phonon mode and g(ε) indicates the coupling of the charge with the local lattice mode. By increasing the eph coupling, the Holstein model is known to describe in the low density limit the crossover from nearly free electrons to strong-coupling small polarons 24 . In the weak coupling regime the free charges are not bound to local lattice distortions (LLD) and can be called "large polarons" in the low-density limit. In the strong coupling limit the charges are trapped on a single site and associated with a LLD. The trapped charges can be called "small polarons" in the low-density limit. Superconductivity appears in the intermediate coupling regime 25 where each charge is trapped in a domain of local lattice distortions of about 4 lattice sites in the low-density limit 22, 30 . Moreover high T c occurs at high metallic density where polaron-polaron interaction is relevant. Therefore, first, clustering occurs where a finite number M of charges are trapped into strings of cooperative pseudo Jahn Teller lattice deformations 22, 26, 2 , and, second, there is a critical value of the electron-lattice interaction g* (at the crossover from weak to strong coupling) for the onset of LLD and charge ordering that has been studied by dynamical mean field theory 27 . We show that the electron-lattice interaction g(ε) is tuned to the critical value g* for co-operative local lattice distortions by the micro-strain. Beyond a critical value g*(ε c ) for phase separation, strings of trapped charges, phase A, coexist with free carriers, phase B. Therefore, the micro-strain provides the relevant axis that tunes the system to quantum critical fluctuations. The local lattice fluctuations assume here the particular form of "superstripes", a superconducting superlattice of quantum wires where the chemical potential is tuned to a shape resonance 4 The co-existence of localized and itinerant charge carriers can be understood since we have found in photoemission data that there is a modulation of t' in the high T c superconductors resulting from the electron lattice coupling g. In the intermediate coupling regime g>g* (ε>ε c ) and t'~ω 0 a portion of the doped charges are trapped into LLD and coexist with itinerant charges 28 . A quasi-first-order phase transition as a function of the charge density (at constant g>g*) is expected as in doped magnetic semiconductors and manganites 29 . Fig. 6 shows that at the critical micro-strain there is an adiabatic-antiadiabatic crossover between the regime t' > ω 0 for ε < ε c and the regime t'<ω 0 for ε > ε c .
In the cuprate perovskite Bi2212, where the micro-strain ε~0.055>ε c , a typical quasifirst-order phase transition has been observed 30 as a function of doping δ in the phase separation range 0.06<δ<0.23. In this crystal critical fluctuations drives the system into the "superstripes" regime. This regime appears in the micro-strain range ε c <ε<ε 0 while for ε>ε 0 the e-ph coupling, g>g co (ε 0 ), drives the system to the charge ordered phase, the electron crystal, where all charges are trapped by LLD.
The function g*(δ) for the phase separation can be estimated following Becca et al.
that is plotted in Fig. 7 . The dashed line indicates the doping, where the van Hove instability (VHS) occurs. It provides the upper limit of doping for the phase separation regime. In fact the density of states D 0 (δ) has a divergence at the van Hove singularity (VHS) that is controlled by t'(ε). The VHS is at δ=0.25 at the critical strain and it moves towards δ ~1/5 at high strain ε~0.8.
At low doping, in the electron glass phase, the 2D electronic phase reaches the localization limit k F l<1. The suppression of the density of states due to the shortening of the electron mean free path l has been included to get the curve g*(δ) going up at low doping for δ<δ c . The minimum of the curve g*(δ) at δ c defines a quantum critical point. This work shows that the critical micro-strain ε c drives the system to g*(δ c ). The upper limit for the dynamical phase separation regime, with fluctuating striped domains, is determined by the curve g co (δ) that is the critical electron lattice interaction for the formation of the long range charge ordered phase in the strong coupling limit [5] [6] [7] [8] (as in manganites).
In conclusion this experiment solves the long-standing puzzle of the phase diagram of all cuprate superconductors. For many years the research was addressed to find a quantum phase transition (a zero-temperature generically continuous transition) tuned by a parameter in the Hamiltonian: the hole doping δ, i.e., the distance from the MottHubbard insulator. On the contrary, we have found here that this parameter is the microstrain ε. This elastic field is due to the stress on the bcc CuO 2 lattice embedded between two fcc rocksalt AO layers with a lattice mismatch. In the (ε,δ) phase diagram shown in Fig. 8 for large strain, ε>ε 0 ∼0.08, (ε 0 ∼0.072 at δ=0.125) the electron-lattice interaction λ(ε) is in the strong coupling regime where the doped charges form crystals of strings of interacting polarons 27 . By decreasing the strain at ε∼ε 0 , as in the oxygen doped La 2 CuO 4.1 , the competition between an insulating commensurate long range charge ordered phase of short strings of 11 lattice units (ε>ε o ) competes with small (short range) domains of fluctuating "superstripes" 3 of length of the order of 30-60 lattice units (ε c <ε<ε 0 ) 2 . The shaded area in Fig. 8 indicates the region of phase separation with fluctuating striped domains, or "superstripes", in the range ε c <ε<ε 0 and 0.06<δ<0.25. The free carriers (observed by angle resolved photoemission) coexist with 1D charge-spin-orbital modulations that are associated with the local lattice distortions (LLD), and "superstripes" appear. In this regime the metallic phase shows a characteristic quasifirst-order phase separation as a function of doping (following the horizontal arrow in Fig. 8 ) predicted by Nagaev for doped magnetic semiconductors 29 and observed in Bi2212 30 . In this spinodal decomposition regime the system fluctuates between two distinct ground states: A, polaronic stripes and B, free carriers. The polaron stripes, A, are more stable at low doping, δ<0.125, and the free carriers, B, are more stable for large doping, δ>0.16. These two states have an equivalent energy at optimum doping δ c~0 . 16 . This qualitative picture shows a quasi-first-order transition as a function of doping for strain field larger than the critical field as observed in Bi2212 30 . The new information provided by the present experiment is that, by keeping the optimum doping δ=0.16 fixed, the potential barrier between the phase A and B vanishes below the strain QCP by decreasing the micro-strain (following the vertical arrow in Fig. 8 ). The new physics is determined by the fact that near the strain quantum critical point the system fluctuates between two nearly degenerate ground states, that is the characteristic feature of complex systems such as biological molecules.
The self organization near this QCP gives the particular metallic striped phase, called "superstripes" 4 where the transverse hopping for pairs is larger than for single electrons. At this quantum critical point the system is unstable between stripes and free carriers. In this regime each particle interacts with all other particles and the superconducting phase, that can resist to the attacks of high temperature, reaches the highest T c at the quantum critical point (δ c ,ε c ).
